Abstract-The paper presents a novel 5 dofs (3T-2R) parallel mechanism. The mechanism is characterized by large singularity-free workspace and particularly large rotational capability which makes it suitable for 5 face-machining and similar applications. Having all its prismatic actuators along x direction, the x-motion is independent from other dofs-only limited by prismatic actuators' strokes-constituting another major advantageous feature. Besides, an analytical direct geometric model can be easily established which is a rare feature in parallel robots. The paper introduces the novel mechanism with its inverse and direct geometric models as well as its kinematic models (forward and inverse Jacobians). Also, it discusses its singularity analysis and presents sample workspace plots evaluated based on isotropic performance regarding velocity and static force.
I. INTRODUCTION
To cope up with actual industrial needs, a research trend towards the synthesis of lower mobility parallel mechanisms has been noticed in the last decades. In fact, having a 5 dofs (3T-2R) mechanism is sufficient for the majority of industrial applications, such as machining, drilling, laser and water-jet cutting, etc. -even fewer number of dofs in others might be sufficient. These 5 dofs in general can be obtained either in one parallel architecture, via hybridization (parallel-series mechanisms), or through implementing right-hand left-hand paradigm.
Hybridization [1] [2] is not a recommendable choice as it increases the moving mass (due to having additional actuators on the platform) and thus impacting dynamical performance as well as the global precision and stiffness of the robot.
On the other hand, right-hand left-hand paradigm might be more recommended and favored over hybridization, especially if 4 dofs are embedded in one parallel module (right-hand) and the remaining 1 dof is provided by separate left-hand mechanism: as for instance the suggested use of ARROW mechanism (3T-1R) studied in [3] exist such as the VERNE machine of [4] (parallel module (3T) + (2R) turntable (series)) and the SPKM 165 of [5] ((2T-1R) parallel module + (1T-1R) table (series)). But unfortunately these [4] [5] have rather limited workspace. In addition, such mechanisms are usually less flexible and might introduce challenges regarding control and motion planning. This is not to mention calibration related issues. Thus, in some applications the best solution would be to have 5 dofs (3T-2R) parallel mechanism as one structure.
In literature, there are numerous synthesis and studies on 5 dofs (3T-2R) robots such as in [6] [7] [8] [9] [10] and many others... However, most of these available mechanisms are either characterized by limited workspace especially regarding tilting capacity, presence of singularities, and/or complexity of design especially from manufacturability point of view. For example, although the regularity of the mechanisms in [6] is interesting simplifying their analyses, it unfortunately leads to reduced stiffness and precision as not all the kinematic chains cooperate in counteracting the load, and the precision along each axis is rather controlled by individual kinematic chain and individual actuator's resolution. Besides, having prismatic joints along different directions reduces workspace and makes them less practical from industrial point of view. The mechanism in [8] provides 5 dofs (3T-2R) using redundant parallel module formed by two folding five-bar linkages set on two rotatable links and connected to the platform via universal joints and a 7 th actuator can be added in series to provide the 6 th dof (3 rd rotational dof) if needed. The direct geometrical model can be analytically derived which is interesting, but still the rotational capabilities and workspace are limited and dependent on position, not to mention that having the platform held by two universal joints is a drawback as the stiffness might be reduced. Regarding [9] , the mechanism is undeniably interesting as it is characterized by large tilting capacity. This not to mention that having the actuators along one direction increases the workspace along this direction. Moreover, having an analytical forward geometric model is an additional bonus. But maybe the only drawback in this mechanism is the presence of cable-pulley or gear mechanism which can impact the robot's performance regarding precision and stiffness. This paper presents a novel 5 dofs (3T-2R) parallel mechanism in the attempt to resolve the major problematics emphasized in the above argument. The mechanism in its current version implements rack-pinion sub-mechanism (which might indicate similar problems to [9] ) to facilitate the study only, but this in fact can be replaced by any rigid linear-to-rotational motion transformation mechanism having no singularity in the required rotational range. Also,
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II. THE NEW MECHANISM AND ITS GEOMETRIC ELEMENTS
The graph diagram of the mechanism with a simplified functional CAD are shown in Fig. 1 and Fig. 2 , respectively. Fig. 3 shows the dimensions of the platform and the two moving frames. The functioning of the mechanism is straightforward. Chains (III) through (V) cooperate to position the segment 5 4 BB which is always vertical thanks to the constraining parallelograms (II) and (III); these parallelograms do not allow any rotation about any axis perpendicular to the z-axis of the base frame. Then, chains (I) and (II) together control the two rotational dofs It is worth mentioning that we have used a rack-pinion here for simplicity of the analysis, but in general it can be replaced by any rigid linear-to-rotational motion transformation system having no singularities within the required range of rotation for y  which is between -45° and +45°; this allows avoiding precision and stiffness problems due to backlashes in rack pinion mechanism as previously highlighted. The mechanism tilting capacities are between -90° and +90° regarding z  and between -45° and +45° regarding y  which are enough for 5-face machining applications...Moreover, the x-motion is independent of the other dofs and only restricted by available stroke for the linear actuators.
Regarding technical issues, it is worth mentioning that the limitation of commercial spherical joints can be overcome by replacing each with three concurrent perpendicular revolute joints.
Finally, we introduce the geometric parameters of the mechanisms as follows:  Note that point 5 B is along the vertical line passing through 34 BB  , and it is not coincident with them in practice (it is practically not feasible as it causes collisions), however for simplifying the modelling, we assume that in the z-ordinate of point 5 A . This also means that the triple spherical joint shown in Fig. 2 (which is intended as simple clarifying CAD drawing) can also be replaced (practically) by double spherical joint or its equivalent (connecting the lower rods of parallelograms (III) and (IV) to platform) and a third spherical joint or universal joint for connecting chain (V) to the platform: so the technical difficulty of realization of a triple spherical joint can be overcome. 
III. THE INVERSE GEOMETRIC MODEL (IGM)
After having defined the mechanism's geometric elements, it is time to establish the IGM. 3) It is important to recall here that point 5 B is practically on the vertical line passing through 4 3 BB  but not coincident with them (to avoid collisions in practical case) as shown clearly in Fig. 2-3 , but for simplifying the modelling we considered them coincident by compensating the real vertical offset in the z-ordinate of point 5 A (as we already explained in the previous section). Now to get the point 12 BB  , we use the following relation:
  
Relation (5) gives:
We choose the assembly mode to satisfy: x , 1...5
The solution is then:
Hence, the IGM of the new mechanism has been established.
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IV. THE DIRECT GEOMETRIC MODEL (DGM)
The direct geometric model DGM is most often difficult to establish analytically for parallel robots. However, in our case it is quite simple. Solving the intersection of the three spheres described by (9) , we get in general two possible solutions, call them 12 BB  is known and it is given by (refer to Fig.3 ):
Hence, we have two possible z-ordinates 
Regrouping (17) in a matrix form and using (18) through (20), we get:
The matrix J n e n e (26) Relation (26) shows that series singularity occurs when there is a completely stretched arm (arm in the yz plane) which implies that singularity if exists (corresponding pose is accessible), it will be on the boundary of the geometrically accessible region and thus forms no problem.
B. Parallel Type Singularities
As for parallel-type singularities, these occur when the matrix x J becomes rank deficient; in such a case the actuators can be fixed (  q 0 ), but still the end-effector is capable of infinitesimal motion (  x 0 ). We will do linear operations on x J to facilitate the study. The first operation is a change of the TCP to be confounded with C (this does not change the rank since it is mathematically described as adding linear combinations of some columns to a certain column) (1) , and thus we obtain the following matrix: n n e n e n n e n e n n e n n e n n e (27) Regarding the parameters a and p r , refer to N is of full rank as long as the three arms, namely (III), (IV) and (V), are not coplanar, which is guaranteed within the geometrically accessible space excluding its boundary. Actually, the matrix 1 N (equivalently x J ) may become rank deficient only in one case; this is when all the aforementioned arms are in one plane which cannot be -due to the assembly mode (condition (7))-except the yz-plane and hence parallel-type singularity confounded with serial-type singularity which cannot occur except at boundary of the geometrically accessible workspace-provided that the corresponding pose is geometrically accessible. Regarding the rank of 2 N , computing and simplifying its determinant, we get: n n n n   , meaning that when the projections of arms (I) and (II) in the xy plane are collinear which is not possible except when both arms are in the yz-plane and thus a parallel-type singularity coincident with a series-type singularity. Again, such a situation cannot occur except on the boundary of the geometrically accessible workspace-if the corresponding pose is geometrically accessible in the first place.
So, in brief, in this section we have proved that both types of singularities if to exist they are necessarily on the boundary of the geometrically accessible workspaceprovided that the corresponding poses are geometrically reachable-and thus form no problem. Also, any parallel-type singularity if present, it exists confounded with a series-type singularity. As a result, we guarantee the absence of singularities of all types within the geometrically accessible workspace excluding its boundary.
VI. WORKSPACE ANALYSIS
In this section, we present sample workspace analysis based on isotropic force-velocity performance index FVI introduced in [3] that the reader may refer to. The index is defined as follows: min , Figure 4 . Geometrically accessible workspace for zero rotation: evaluated using index FVI(Jmw). 
VII. CONCLUSION AND PERSPECTIVES
In this paper, we have introduced a novel 5 dofs (3T-2R) parallel mechanism that has the following characteristics:
 The functioning of the mechanism is simple.
 It admits an analytical direct geometric model DGM that is a rare feature to find regarding parallel manipulators and can be very helpful regarding control issues.
 It has independent motion along x-direction only restricted by available stroke for prismatic joints.
 Parallel type singularities if to exist, they are coincident with series-type singularities and cannot occur except at the geometrically accessible workspace boundary (provided that corresponding poses are geometrically achievable). Thus, in any case they do not form any problem.
 It has large singularity-free cross-sectional workspace with or without rotation. Also, its isotropic kinetostatic performance is quite interesting and it is expected to be improved even more after optimization. This has been clarified by the preliminary analysis of workspace for nonoptimized set of geometric parameters.
 High stiffness having all the limbs sharing in the load support along all directions.
 Having spherical joints at the arms' extremities puts these arms under tension/compression forces which improves accuracy due to reduced deformation in the arms.
It is important to mention that this mechanism is a starting point, as other versions based on this one and with better performance are being thought of and may be the subject for future publications. We also emphasize that in this mechanism, the use of rack-pinion is meant to simplify the modelling and the preliminary presentation of the mechanism, but in the realistic case it would be replaced by more rigid linear-to-rotational motion transformation mechanism.
